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Abstract

:

Climate change is altering agricultural production and ecosystems around the world. Future projections indicate that additional change is expected in the coming decades, forcing individuals and communities to respond and adapt. Current research efforts typically examine climate change effects and possible adaptations but fail to integrate agriculture and ecosystems. This failure to jointly consider these systems and associated externalities may underestimate climate change impacts or cause adaptation implementation surprises, such as causing adaptation status of some groups or ecosystems to be worsened. This work describes and motivates reasons why ecosystems and agriculture adaptation require an integrated analytical approach. Synthesis of current literature and examples from Texas are used to explain concepts and current challenges. Texas is chosen because of its high agricultural output that is produced in close interrelationship with the surrounding semi-arid ecosystem. We conclude that future effect and adaptation analyses would be wise to jointly consider ecosystems and agriculture. Existing paradigms and useful methodology can be transplanted from the sustainable agriculture and ecosystem service literature to explore alternatives for climate adaptation and incentivization of private agriculturalists and consumers. Researchers are encouraged to adopt integrated modeling as a means to avoid implementation challenges and surprises when formulating and implementing adaptation.
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1. Introduction


Since the first World Climate Conference in 1979, researchers have been able to document and quantify the effects of anthropogenic climate change on physical climate, human, and natural systems [1]. Due to the economic importance of agriculture and strong ties to ecoregion diversity [2], plus the emergence of dramatic, recent climate change [3], Texas is an ideal region in which to assess the effects of climate change across natural and managed systems. With large parts of Texas being classified as semi-arid, the warmer and more arid regional shifts caused by climate change will be especially critical in long term decision making and in developing adaptation strategies. Over the last 20 years, temperatures across Texas have increased by 0.5–1.5 °C [4]. Precipitation patterns statewide have shifted, with statewide precipitation in the last century exhibiting increased rainfall in the east and decreased rainfall in the west [5]. At the same time, extreme weather events such as heavy rains, extreme droughts, tropical storms, and hurricanes, are becoming more common [4]. As a result, individuals and landscapes are responding. Winter wheat is no longer flowering at the same time as it did historically [6]. There have been marked declines in the quality and amount of habitat for birds [6,7], mussels [8], and butterflies [9], among many other species. Changes in temperature, precipitation, atmospheric carbon dioxide concentrations, and extreme event frequency/severity are impacting the distribution and function of agriculture and ecosystems in Texas.



As global carbon and other greenhouse gas emissions continue to increase, future model projections suggest that additional climate alterations are inevitable. Furthermore, even if global emissions were to return to pre-industrial levels the atmosphere would stay at current concentrations for many decades, with global surface temperatures continuing to increase and physical climate effects persisting well beyond 2100 [10]. Under a scenario where global emissions continue to increase through 2100 (under Representative Concentration Pathway 8.5) as they have for the last 100 years or more, it is expected that temperatures will increase across Texas and the Great Plains of the United States with 2070–2099 minimum temperatures approximately 6–8 °C higher and maximum temperatures 5–7 °C higher relative to 1971–1999 [11]. Precipitation patterns are also expected to become more extreme with the number of consecutive dry days increasing in 2070–2099 by 0–18% and maximum one-day precipitation totals increasing by 12–18% again compared to 1971–1999 [11]. Furthermore, in Texas, the number of days over 38 °C is expected to increase as is the number of warm nights [12]. Future conditions are expected to lead to even more agricultural and ecosystems shifts, disruptions, and production variability.



Given the already observable current impacts of climate change and projections of inevitable larger impacts, understanding how systems will respond and adapt is critical to maintain function. Systems that rely on climate characteristics and atmospheric carbon dioxide are especially vulnerable. The rapid rate of change poses unprecedented threats [13]. This is especially true for agriculture and ecosystems as they are fundamentally reliant on climate and carbon dioxide for productivity and their mix of available products/services. Interdependencies in resource usage, competition for space, and the movement of water, nutrients, and species among agriculture and ecosystems lead in effect to a unified interdependent system facing common drivers and constraints.



To date, research efforts on climate change effects and possible adaptations have been largely independent, concentrating on either agriculture or non-agricultural ecosystems but not both simultaneously. Failure to jointly address the effects and inform on the consequences of adaptations generates only a partial view of vulnerabilities and the implications of possible adaptations. This work argues that evaluations at the intersection of agriculture and ecosystems allow for analysis of synergies, feedbacks, and tradeoffs. Analyses that integrate impacts on and responses by both human and natural systems create a more robust, complex, and holistic evaluation of climate-change-related threats and possible adaptive decision making.



Additionally, global analyses overlook important regional characteristics and peculiarities that color vulnerabilities and adaptation implications. Here, we draw together evidence on how climate change and possible adaptations affect agriculture and ecosystems both individually and in interaction. We ask what the research and policy implications of analyses that ignore linkages between agriculture and ecosystems when exploring climate change effects and adaptation are. We find that a joint systems analysis is more informative as an input to ecosystem and agricultural management. In particular, in the Texas semi-arid setting we (1) briefly review the literature on the main impacts and vulnerabilities imposed on agriculture and ecosystems, (2) describe the interdependency of agriculture and ecosystems and the need for integrated climate change research, (3) discuss current and future adaptation possibilities and appraisal approaches, (4) introduce challenges for research in general and in the Texas-specific setting, and (5) argue the need for integrated research and modeling when understanding impacts of a climate-evolved future and the possibility of adaptation action.




2. Literature Review


Most climate change impacts research has considered agriculture and ecosystems to be independent of one another [14,15,16,17]. Few studies attempt to analyze the joint impact of adaptations or propose potential adaptation strategies that would reduce the negative impact of climate change across both systems. Recognizing the state of knowledge in each system, methodology used to date, and remaining research gaps would help identify mutually beneficial research needs and synergies. It would also contribute to an understanding of how addressing the systems jointly can help identify tradeoffs and possibilities for mutually beneficial outcomes. Here, we review the existing literature related to climate change impacts for agricultural crops, livestock, and food production along with general impacts on ecosystems, vegetation, and aquatic systems. A summary of climate change impacts on agriculture and ecosystems is shown in Table 1 and below we present a discussion for each system.



2.1. Agricultural Studies


Climate change is expected to have differing effects on cropping systems globally due to regionally specific physical conditions as well as differing mixes of crop and livestock types. For some crops in some regions, climate change has reduced current yields and is expected to reduce long-term agricultural productivity [18]. Agricultural research into climate change effects on crops has benefitted from observationally rich and geographically detailed datasets [19]. Studies can also take advantage of long-term, highly controlled, multi-site, manipulatable experimental studies [20,21]. The current extent of climate change has been shown to shift crop geographic distributions toward higher latitudes and elevations [19,22]. Studies have demonstrated that future crop productivity is expected to be limited by increased variability in weather and physical growing conditions [23], differentially impacted by carbon dioxide concentrations [24,25], and limited on a regional basis by dwindling water availability [26]. Other effects such as slowing technological progress [25,27] and increased pest damages and pesticide costs [28] are all expected to further alter productivity and costs. In Texas, a climate that is becoming warmer and drier with a greater probability of extreme events is expected to lead to declining yields for crops such as cotton [29] with greater variability due to extreme weather events [30]. Furthermore, lower soil moisture [31] is expected to increase aquifer pumping, in turn increasing drawdown and water stress. Finally, increased pest, disease, and invasive species frequency is expected to raise management costs [28,32].



Livestock, especially cattle, are expected to be directly impacted by climate change and increased heat stress but also indirectly though impacts on forage and feed grain yield reductions [33]. In the US, direct livestock losses due to heat stress are estimated to be $2.4 billion annually from decreased reproduction rates, feed consumption, and feed efficiency affecting animal growth rates [34,35,36,37]. Lower forage and feed quality are also expected [38] as increased temperatures negatively affect growth conditions and nutrient availability [39]. In Texas, warmer and drier conditions are expected to reduce total livestock production through lower stocking rates and reduced per animal production. Lower grassland growth rates and nutritional quality will force increased supplemental feeding and costs [40]. Total grassland productivity is also expected to decrease with the expansion of woody plants [40], although movements of land from cropping are expected to increase grass land quantity [41]. Expansion and greater incidence of disease, ectoparasites, and other pests are expected to decrease animal productivity [30,40,41].



The impact of climate change on agricultural systems also has implications for land prices, transportation, storage, food safety, labor, and consumer prices. These critical processes within the supply chain for agricultural products are expected to be affected with alterations occurring at every stage of production, including input sourcing, packaging, and processing [42]. It has been suggested that additional precautions might have to be considered to maintain food safety and reduce spoilage, such as increased storage and cooling facilities [43,44]. Relevant to Texas, shifting US production capacity is expected to change routes and methods used to transport agricultural products [45]. On a larger scale, global shifts in production capacity are anticipated which will alter comparative advantages, international trading routes, and partnerships [42]. Agricultural prices will also be impacted. However, determining the direction, magnitude, and associated changes to producer and consumer welfare as a result is complicated [46,47,48]. For example, price changes may impact urban versus rural consumers or other sub-groups within the same market differently [48]. Agricultural labor supply is also predicted to be impacted, and, with it, rural incomes [49,50]. Finally, changes in agricultural land values are anticipated as historic land use is expected to shift either due to changes in the agricultural activity utilizing the land, land moving out of agricultural production all together, and/or changing values of land based on water or other resource availability [48].




2.2. Ecological Studies


While agricultural scientists have been able to study effects using large public datasets and publicly funded experiments, work on ecosystem effects has proven more difficult. For natural ecosystems there is a lack of widespread data availability. Furthermore, most available data sets focus on one species and/or geographic area with substantial inconsistencies in study–time horizon [51,52]. Nevertheless, consistent impacts and vulnerabilities have been identified.



Foremost, biodiversity is threatened by climate change due to the rising trend and magnitude of change over a short timeline. This impacts all levels of biodiversity, from individual organisms to populations and ecosystems [53]. Extirpation of regional populations and global extinction continue to be the most visible impacts, although establishing the extent of climate change causality remains challenging because species vary in their capacity to adapt [54]. However, in recent years, our ability to model these shifts has improved due to the creation and continued proliferation of biodiversity data repositories (e.g., GBIF) and VertNet, etc.; [55]) and finer scale environmental data (e.g., EarthEnv, SoilGrids, and WorldClim; [56,57,58]), in addition to improvements in climate model resolution [59].



Climate change has already been found to alter species geographic distribution, phenology, behavior, and patterns of habitat use, with more change expected in the coming decades. Organisms adapt to inhospitable physical climate conditions by shifting, expanding, or contracting their historic ranges [60,61], and for a few species, perishing. Climate-associated range shifts have been observed across a wide geographic and taxonomic scope, including flora in the Himalayas [62] and the western United States [63], birds in New Guinea [64], Amazonian fish [65], and small mammal communities [66], just to name a few. As an example, Parmesan and Yohe [51] sampled 1598 species across multiple taxa, of which 59% had exhibited changes in their phenology or distribution over the past 20 to 140 years. Furthermore, the presence of novel climate niches and geographic barriers that reduce dispersal and gene flow [67] will likely limit the potential for natural adaptation.



Across Texas, species already are showing dramatic responses to climate change. For example, migration patterns for resident birds have been impacted [68]. Model projections indicate that some rodent species will go extinct and species geographic ranges are expected to shift 54% or more depending on the extent of climate change [69]. Diseases, invasive species, and pests are expected to change their distribution with ecological consequences, with, for example, tick vectors shifting and likely bringing diseases into new regions, impacting both humans and wildlife [70,71]. This will require more complex eradication and control strategies [72] as tick-borne disease relationships are changed [73]. These are just a few examples of the profound impact on wildlife populations.



Vegetation communities are also responding. Plants are governed by stress and disturbance, and climate-induced changes to these factors will alter vegetation composition, productivity, and distribution [74,75]. Changes in temperature, precipitation, and climatic extremes can increase stress and limit plant growth [76,77]. In Texas and other semi-arid regions, warming-induced increases in evapotranspiration are expected to reduce plant productivity [78,79]. Moreover, as precipitation variability increases, grassland productivity decreases regardless of constant average rainfall [80]. Clearly, climate variability matters when considering damage from climate change. Shifts in disturbance regimes are expected due to changes in the prevalence and distribution of fires, floods, hurricanes, and insect outbreaks, thus forcing communities into altered states [81,82]. These transitions can occur rapidly when severe disturbances are combined with increasing stress and they can lead to permanent vegetation community changes [83,84].



Aquatic and riparian systems are also affected. The hydrologic environment adds an additional layer of complexity as it also cycles nutrients, alters water quality [85,86,87], and moderates lifecycle events such as spawning and recruitment [88]. When rivers and streams in arid and semi-arid regions experience severely reduced flows, channel segments may become dewatered, resulting in habitat fragmentation and threatening the population viability of rare endemic species at scales that often extend well beyond the impacted habitat [86,89]. In Texas, freshwater inflows that support coastal ecosystems are expected to come under increasing stress from human appropriation and altered flow levels, and this will further disrupt future productivity and erode native biodiversity [90]. Looking ahead, harmful algal blooms are expected to become an increasing problem [91,92]. As conditions become drier and the magnitude and frequency of freshwater inflows decline, such algal blooms are likely to cause larger fish kills and substantial financial damages.




2.3. Summary Table


In Table 1, below, is a summary of the relevant literature from agriculture and ecosystem studies.





3. Need for an Integrated Approach


The above material clearly shows that climate change disruptions to temperature, precipitation, and extreme events threaten the health, function, and productivity of agriculture and more generally ecosystems. However, gaps remain in understanding and projecting future impacts, especially since critical interactions between agriculture and ecosystems have largely been ignored. These interactions can include externalities or unintended effects, additional drivers, feedback loops, and tradeoffs. For example, pesticide use is expected to increase as a result of emerging and expanding pest populations [28]. Pesticides impact not only ecosystems where they are applied but also have far reaching effects when they are transported via runoff and infiltration [93,94]. As another example, the interactions between cattle and grassland production and forage quality has not been well integrated into climate change research [41,95]. Warmer and drier climates stress livestock [34] but estimates of damages have not fully considered the additional effects of decreased shade cover and less water availability on rangeland grazing animals. Adaptation to such simultaneous stressors may lead to increased costs, lower productivity, and less revenue [30]. In Texas and other areas with extensive rangeland acreage and cropland under input-intensive agriculture, if synergistic impacts across the ecosystem are not considered, the costs of both projected and realized climate change might be severely underestimated, leading to reduced adaptation action.



An improved understanding of how the systems interact and of the relevant feedbacks need to be developed. Arguably, the most widespread effort to begin to unify agriculture and ecosystems has occurred through monetary valuations of ecosystem services [96,97,98,99]. However, this effort falls short of holistically incorporating ecosystems and agricultural regimes into a shared conceptualization of climate change effects. Rather, ecosystem valuation is typically reduced to a short-sighted service value or a dynamic financially-discounted contribution over time [97,99]. When efforts to evaluate agricultural practices in the presence of ecosystems do take place, the results confirm that ignoring this duality leads to severely biased findings [100,101].



For climate change research, this forces a discussion of the validity of findings on climate change effects and adaptations when one system is analyzed in isolation. Some researchers have identified the need for integrated research and have presented loose guidelines or examples for how to merge studies, disciplines, and research priorities [100,102]. However, this is challenging, as the inclusion of increasing degrees of climate change exacerbates existing data limitations, timescale mismatches, geographic scale, unstudied but associated phenomena, and a need for adaptation action to avoid severe consequences. At its base, what is missing from much of current climate change research is an understanding of how rapid change affects the linkages between agriculture and ecosystems and in turn how resilience, future output, and, ultimately, the survival of communities, will be impacted.



Improved understanding could begin with an analysis of ecosystem services including agricultural and other markets as a service and conceptualization of regional interactions. The analysis could start by building off the framework given in Figure 1. Identification and understanding of ecosystem services provided to a particular agricultural system, market, or regional society could rely on existing ecosystem service literature [96,97,98,99,102,103]. Given that tradeoffs are known to exist between market services (crops, livestock, and water) and non-market ecosystem services (regulating, supporting, and cultural), attempts are needed to minimize negative impacts or assess best practices. Such examinations will enhance understanding of the problem, thereby avoiding incomplete analysis and flawed results. Identifying tradeoffs of overconsumption will be particularly important. Research efforts that strive to incorporate both systems into an analytic structure will provide more robust and broadly applicable findings and recommendations.




4. Sustainable Adaptation Challenges and Solutions


Agriculture and ecosystems are already reacting and responding to climate change by exhibiting altered productivity and species populations. In managed systems individuals, farmers, and researchers are trying to anticipate future changes and adapt in beneficial and cost-effective manners. In unmanaged systems, natural adaptation is occurring but not always in desirable ways, and in these cases management intervention is being contemplated often with incomplete knowledge of the consequences. Research efforts projecting effects and evaluating adaptation actions have an even greater incentive to consider an integrated agriculture and ecosystems framework.



Most often, agriculture and ecosystems adapt to climate change effects in response to altered physical climate. A flow chart showing how changes to physical climate can motivate adaptation can be seen in Figure 2. From previous examples, it is clear that changes to physical climate such as increased temperature and altered rainfall can change cereal crop yields [22]. In response, farmers adapt to altered yields by changing crop mixes. Similarly altered species abundance occurs when temperature rainfall or extremes affect regional ecosystems [53,54].



To date, agricultural systems have largely adapted or considered adapting to climate change through altering management practices and implementing policies that motivate desired behavior or management practices. Much of the published literature on agricultural adaptation uses a large geographic study area and shows that adaptations can lessen the negative impacts of future climate alterations. Within cropping systems, strategies proposed have included earlier planting times, changing crop mixes, and complete shifts of land out of crop into pasture [19,41,104]. For livestock, proposals include adopting more heat-tolerant breeds or species, changing stocking rates, providing shade or water, altering pest management, and shifting grazing seasons [40,105,106]. Overall, markets and other mechanisms for insurance, such as water rights regimes, water markets, and crop insurance, might also have to evolve, expand, or be redefined under climate change in order to mitigate risk to users [107,108].



As a general economic rule, undertaking adaptation strategies and supporting governmental or institutional efforts will only occur if they are judged superior to current practices [109]. The adaptation strategies listed above seek to minimize risk for individual producers but are usually considered to ignore potential externalities or impacts on the surrounding ecosystem (An externality is simply a market failure where the price of a good does not reflect its value.). In other words, while the chosen adaptations are efficient for a private producer, they may not be efficient for society, or cause substantial ecosystem damages. This commonly happens when looking at environmental goods and services because it is difficult to price all possible benefits and costs, which leads to a poor estimate of value. As seen in Equation (1), only when the marginal private cost (MPC) and marginal social cost (MSC) of an adaptation equals the marginal benefit (MB) do we see an efficient market and an accurately valued good [110], or in this case, a holistic adaptation strategy.


  M B = M P C + M S C  



(1)







When the MSC is not considered, the value of the externality is equal to the value of the MSC, thus making the adaptation inefficient. Inefficient adaptation and maladaptation could cause long-term damages that limit or slow beneficial adaptation to climate change, and, ultimately, increase the damages and costs of climate change [109,111]. Studies to date show that some adaptation strategies for agriculture could cause both winners and losers [112]. Thus, failure to incorporate the positive and negative externalities associated with adaptation efforts to a modeling framework in either agriculture or ecosystems has the potential to bias the estimates of benefits and costs causing poor or at least sub-optimal choices to be made.



Table 2 seeks to provide agricultural and ecosystem examples of potential externalities resulting from adaptations. Column 1 displays the underlying climate change stressor effect that is stimulating adaptation. Columns 2 and 3 show examples of corresponding agricultural management or ecosystem responses. It is useful to note that multiple adaptations can result from one climate change driver. For example, increased drought frequency and duration can motivate farmers to adapt by changing crop mix while also causing ecosystems to adapt, resulting in shifting vegetation mix and water retention.



These examples show that adaptation efforts or actions experienced in one system have spillover effects into the other which may impact the function and economic viability of the opposing system. These spillovers increase the uncertainty of outcomes. For researchers and policymakers seeking to make informed adaptation decisions and recommendations, simultaneous human and natural adaptation makes analysis and modeling efforts complex. At the same time, not all observed externalities are negative or are expected to increase damages from climate change. An agricultural adaptation such as switching to more heat-tolerant livestock breeds can introduce less competent hosts for pathogen transmission, diluting disease prevalence in ecosystems. Therefore, to accurately predict, respond to, and make recommendations for adaptation strategies in response to future climate change, a framework that includes both ecosystems and agriculture must be adopted.



Solutions: Improving Modeling Efforts


Based on the literature, three avenues of approach arise that can assist modeling efforts in merging ecosystems and agriculture systems. These are (1) incorporating alternative practices that can lessen the impact of agriculture on ecosystems, (2) incorporating and advancing modeling of ecosystem services and the way they are affected by agricultural activity, and (3) modeling means of providing economic incentives to encourage adoption of conservation or environmental policies.



Practices exist that can be adopted to reduce agricultural impacts on surrounding ecosystems, as shown by the long US history with soil conservation [150]. There is a large body of literature that champions conservation agriculture practices such as reduced/no tillage, retention of crop residues, and altered crop rotation that benefit ecosystem services regulation and provisioning, via expanded carbon sequestration, reduced erosion, and improved soil health [151,152]. Other studies support expanding organic agriculture, which has been shown to reduce off-farm impacts while preserving ecosystem services [103]. However, while these strategies reduce agricultural impacts to ecosystems, more research is needed to optimize management practices so that organic yields can consistently meet or exceed the yields of conventional agriculture since population growth is increasing food demand [153]. Additionally, precision agriculture and climate smart agriculture might also offer a solution, as they rely on optimizing current conventional agricultural techniques and responding to climate change at a more localized level [154,155,156,157]. The benefit of these approaches is that they inherently have characteristics which benefit the environment. Continued research and efforts toward incorporating positive environmental externalities into production agriculture decision-making above could present alternative ways to reframe the current narrative to benefit health of both agriculture and ecosystems.



Ecosystem service analysis and modeling methodologies present potential solutions for integrating ecosystems and agriculture. Non-market valuation of ecosystem services determines a value for a particular facet of the ecosystem which benefits humans and provides a quantitative measurement for use in adaptation strategy and associated policy analysis [98]. This approach can be useful for valuing ecosystems and placing them on an equal footing with market transactions. Tools such as the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) models help give a quantitative value to ecosystem services in an easy, open-source platform which can then be used to look at land-use change or other scenarios [97]. Many of these modeling efforts will rely on ambitious data collecting efforts such as National Ecological Observatory Network (NEON), a 30-year long-term research project designed to capture a wide range of ecosystem process indicators [158]. These data can then be integrated with output from other systems to incorporate ecosystems, their processes, and how they change over time into decision analysis [159]. More recently, many of the machine learning techniques typically used in species distribution modeling [160] are being used to model biodiversity [82], agricultural suitability [161], and crop mix shifts [162]. As the use of these methods spreads, they will be able to help characterize the contributions and sensitivities of ecosystems relevant to agriculture. Creating causal networks and truly assimilating ecosystems and agriculture could benefit from ecosystem service valuation research and additional long-term ecosystem monitoring databases.



Finally, policies that incentivize private landowner environmental efforts could aid in the public’s realized benefits from healthier ecosystems. Also, monitoring the results of such programs would increase understanding of how ecosystems and agriculture interact. In Texas, specifically, most of the land is privately owned and programs such as Texas Ecological Laboratories (“Texas Ecolab”) can facilitate connections between researchers and landowners. Such an exercise generates data while advancing environmental goals such as conservation and the conduct of research that improves state interests [163,164]. It also economically rewards cooperating landowners for their efforts [165]. Fostering partnerships with private landowners is especially beneficial, as oftentimes there is distrust of government entities [166] that hampers conservation or research efforts [167].





5. Conclusions


Future impacts of climate change are inevitable, stimulating ecosystem and agriculture impacts and responses. Understanding how ecosystems and agriculture are inherently linked and projecting climate change consequences, and then using this knowledge to inform adaptation actions has the potential to improve policy and lower social/environmental impacts. Moreover, such an understanding will further protect against inefficient and even detrimental adaptations that cause long-term disruptions. Developing an integrated framework that jointly considers both agriculture and ecosystems enhances our knowledge of the inherent tapestry of occurring interactions. Understanding these interactions will help maintain and enhance system resiliency necessary to produce food and human livelihoods while maintaining a productive, high-quality environment.



While an integrated ecosystem and agricultural framework is recommended, other issues remain that will challenge our ability to adapt to climate change in a way that minimizes damages for future generations as well as ecosystems. Firstly, large-scale studies and solutions must be paired with local and regional analysis, interpretation, and flexible implementation to avoid missing localized phenomena [30,40,168,169]. Action to integrate agriculture and ecosystems will reveal knowledge gaps related to externalities, feedbacks, and dynamics within and between systems. Secondly, while this work motivates the need for an integrated research framework, we could not find a specific example of where an integrated model proved superior to disjoint efforts. Thirdly, while initially difficult to overcome, increased monitoring and identification of critical data needs will contribute to resolving these challenges. Future research could address identifying and quantifying cause and effect relationships among systems and some research efforts could focus on case studies showing the added benefit of additional data and integrated analyses. Fourthly, funding is also somewhat compartmentalized to individual areas and the development of broader funding opportunities to support this research is needed.



Overall, while an integrated ecosystem and agricultural framework will not solve all climate change challenges, it might help remove some of the uncertainty [170], balance conflicting objectives, and present more nuanced solutions to a complex problem.
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Figure 1. Joint ecosystem and agriculture modeling framework highlighting integrated nature of systems [96,103]. 
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Figure 2. Flow chart describing the primary motivation for systems to adapt to climate change effects. 
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Table 1. A summary of climate change impacts on agriculture and ecosystems.
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Climate Impacts on Agriculture

	
Citations






	
Crops

	
Crop mixes and distributions are shifting northward to higher elevation

	
[19,22]




	
Future crop productivity (1) limited by increased variability in weather and physical growing conditions, (2) differentially impacted by carbon dioxide concentrations, (3) limited by dwindling water availability, (4) limited by slowing technological progress, and (5) limited by increased pesticide costs.

	
[23,24,25,26,27,28]




	
Texas: warmer and drier climate-reduced crop yields and increased losses due to extreme weather events

	
[29,30]




	
Texas: lower soil moisture leading to increased aquifer pumping and water stress

	
[31]




	
Texas: increased frequency of pest, disease, and invasive species which raises crop management costs

	
[28,32]




	
Livestock

	
Increased heat stress and reduced forage and feed growth

	
[33]




	
Livestock losses from decreased reproduction rates, feed consumption, and feed efficiency affecting animal growth rates

	
[34,35,36,37]




	
Lower forage and feed quality due to increased temperatures affecting growth and nutrient availability

	
[38,39]




	
Texas: lower stocking rates and reduced per animal production due to warmer and drier conditions

	
[33]




	
Texas: increased supplemental feeding due to lower grassland growth rates, quality, and acreage with the expansion of woody plants

	
[40]




	
Texas: decreased animal productivity due to the expansion and greater incidence of disease, ectoparasites, and other pests

	
[30,40,41]




	
Supply Chain

	
Input sourcing, packaging, and processing affected by climate change

	
[42]




	
Additional storage and cooling facilities necessary to maintain food safety and reduce spoilage from increased temperatures

	
[42,43,44]




	
Shifting US production capacity will change transportation routes and methods

	
[45]




	
Altered comparative advantages, international trading routes, partnerships, and trade agreements due to shifts in production

	
[42]




	
Difficulty in determining the direction, magnitude, and associated changes to producer and consumer welfare

	
[46,47,48]




	
Agricultural labor supply is predicted to be impacted, and with it rural incomes

	
[49,50]




	
Changes in agricultural land values as historic land use shifts

	
[48]




	
Climate Impacts on Ecosystems

	
Citations




	
Fauna

	
Biodiversity is threatened due to the trend and magnitude of rapid changes over a short timeline

	
[53]




	
Extirpation due to varied capacity of species to adapt to environmental changes brought about by climate change

	
[54]




	
Organisms respond to inhospitable physical climate conditions by shifting, expanding, or contracting their historic ranges

	
[60,61]




	
Barriers to dispersal that reduce gene flow in landscapes which limit potential for natural adaptation

	
[67]




	
Texas: migration patterns for resident birds have been impacted

	
[68]




	
Texas: some rodent species will go extinct and geographic shifts of 54% or more will occur

	
[69]




	
Texas: tick vectors are shifting and will likely bring diseases into new regions impacting humans and wildlife, resulting in more complex eradication and control strategies

	
[70,71,72,73]




	
Flora

	
Altered vegetation composition, productivity, and distribution due to climate-induced stress and disturbance

	
[74,75]




	
Limited plant growth due to changes in temperature, precipitation, or the incidence of climatic extremes

	
[76,77]




	
Texas: reduced plant productivity due to increasing evapotranspiration

	
[78,79]




	
Altered prevalence and distribution of fires, floods, hurricanes, and insect outbreaks forces communities into a stressed state which can lead to permanent changes to vegetation

	
[81,82,83,84]




	
Aquatic and Riparian

	
Hydrological environment areas that cycle nutrients, maintain water quality, and moderate lifecycle events such as spawning and recruitment are disrupted by climate changes

	
[85,86,87,88]




	
Dewatered channel segments leading to habitat fragmentation due to reduced flows

	
[86,89]




	
Texas: disrupted productivity and biodiversity of stressed freshwater inflows due to human appropriation

	
[90]




	
Increased algal blooms due to warmer water temperatures and changes in rainfall

	
[91,92]
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Table 2. Eight examples of how climate stressors lead to adaptation in agriculture and the corresponding response in ecosystems which can be a positive or negative externality. The opposite case of adaptations in ecosystems and responses in agriculture is then presented.






Table 2. Eight examples of how climate stressors lead to adaptation in agriculture and the corresponding response in ecosystems which can be a positive or negative externality. The opposite case of adaptations in ecosystems and responses in agriculture is then presented.





	
Climate Stressor

	
Agricultural Adaptation

	
Ecosystem Service Externality






	
1. Increased temperature and drought

	
Diversifying livestock species [113,114,115]

	
Altered plant biodiversity and productivity [116,117,118]




	
Crop land shift to grazing [19,41,119]

	
Increased root production in upper soil levels and carbon sequestration [120,121]




	
2. Increased temperature

	
Heat-tolerant animal breeds [103]

	
Dilution of disease prevalence [103,122,123]




	
3. Increased drought

	
Changing crop mix and rotation [19,124,125]

	
Increased soil quality [126,127]




	
Climate Stressor

	
Ecosystem Adaptation

	
Agriculture System Externality




	
4. Shifts in temperature and rainfall patterns

	
Land vegetative change and habitat fragmentation [128,129]

	
Reduction in pollinators and pollination [100,130,131,132]




	
5. Increased temperature

	
Reduced animal body size [133]

	
Altered diets and rangeland economic productivity such as stocking rates [41,114,134]




	
6. Increased drought

	
Shift in vegetation productivity and water retention [135,136]

	
Altered water supply and increased demand for irrigation [137,138]




	
7. Increased temperature and altered rainfall

	
Shifting species distribution [139,140]

	
Increased pesticide and herbicide costs [28,141,142]




	
8. Increased water temperature

	
Change in phenology [143,144]

	
Reduced fish survival [145,146,147,148,149]
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